Summary. With the inception of Pakistan Atomic Energy Commission (PAEC) in 1956, peaceful uses of atomic energy commenced for the benefit of scientific community as well as masses of Pakistan. Radiochemistry played a vital role right from the beginning. The research and development in this field accelerated soon after the criticality of the first research reactor named as Pakistan Research Reactor (PARR-1) at the Pakistan Institute of Nuclear Science and Technology (PINSTECH), Islamabad. The first radioisotope produced at PARR-1 for application in nuclear medicine was 131 I. Later on, many other radioisotopes were prepared and radiopharmaceuticals were synthesised for their use in industry and hospitals. Besides providing pure radioactive tracers for nuclear medicine, radiochemistry also enhanced the detection limit of impurities at all stages of nuclear fuel cycle for power generation. In 1983, research in the field of nuclear data measurement began. The main aim was to identify suitable conditions for the production of radionuclides for cancer diagnostics, treatment and therapy. With the establishment of a second research reactor (PARR-2) at PINSTECH, research in neutron activation analysis, radioisotope production and separation studies gained more momentum and many research articles were published. Solvent extraction, adsorption and ion-exchange were the main routes of separation in those studies. Separation of heavy metals and treatment of waste generated in a nuclear power plant are other important aspects related to environmental restoration and nuclear waste management, where radiochemistry is required. In future, work in radiochemistry will be continued on similar lines to develop novel radiopharmaceuticals, identify indigenous schemes for nuclear waste management and work out intelligent procedures for material characterization for benefit to mankind, especially the people of Pakistan.
Introduction
Pakistan Atomic Energy Commission (PAEC) was established in 1956 to promote peaceful applications of nuclear *Author for correspondence (E-mail: jamshed@pinstech.org.pk).
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science and technology. The main aim of the commission was to provide immense benefits of the nuclear technology to the people of Pakistan and to disseminate new knowledge based on research to international scientific community. PAEC established its first laboratory as Atomic Energy Centre at Lahore in 1961. Right from the start, the radiochemistry had a vital importance in the whole theme. The earliest work at the Lahore Centre involved the radiochemical separation of cobalt by isotopic exchange [1] , co-precipitation of Cr(VI), W(VI) and U(VI) tracers with lead molybdate and molybdenum 8-hydroxy quinolate [2] and Hf(IV), Zr(IV), Sn(IV) and W(VI) with titanium 8-hydroxy quinolate [3] , liquid-liquid extraction of Np(V) using 1-nitroso 2-naphthol and its radiochemical separation from fission products [4] , and the determination of half-lives and activation crosssections of some radioisotopes of I, Te and Sb formed in the interactions of iodine with 14.7 MeV neutrons [5] . The activities of the Centre flourished in diverse dimensions with the establishment of the Pakistan Research Reactor-1 (PARR-1) at the Pakistan Institute of Nuclear Science and Technology (PINSTECH), Islamabad in 1965. After 1970, most of the activities initiated at the Lahore Centre were shifted to PINSTECH. The main tasks in the early phase were to establish radiochemistry and neutron activation analysis laboratories along with a training centre [6, 7] . Fig. 1 presents the progress in the field of radiochemistry in terms of number of publications per year. It shows two distinct regions, the first covering the period , when the research paper production rate was slow. The second region extending from 1990 to 2010 shows an exponential growth in publications per year due to more intensified efforts and the establishment of another research reactor at PINSTECH called PARR-2. Today, both reactors are providing a unique opportunity to the researchers in Pakistan to delve in the field of nuclear science and technology.
Establishment of infrastructure for research and development
International Atomic Energy Agency (IAEA) played a significant role in the development of various laboratories of PAEC. Initially, the radiochemical laboratories were equipped with scalars, counters, scintillation detectors, multichannel analysers (MCAs), glove box units along with necessary glassware and chemicals. More recently, PIN- STECH has equipped itself with advanced instruments, remote controlled devices, hot cell facility and other modern computer controlled equipment along with conventional analytical techniques. The radiochemistry was mostly done by solvent extraction, ion-exchange columns and adsorption.
The research reactor PARR-1 is a 10 MW reactor and belongs to the materials testing reactors (MTR) family. It has a nominal thermal neutron flux of 1 × 10 14 cm −2 s −1 . The reactor has 19.99% enriched 235 U core (U 3 Si 2 -Al), light water moderator and graphite reflector. It has three rabbit channels, RS-1, RS-2 and RS-3, two beam tubes (beam tube-4 and beam tube-5) and three thermal columns (A, B and C) for experimentation. The research reactor PARR-2 attained criticality in 1989 and is a 27 kW miniaturised neutron source reactor (MNSR) with a nominal thermal neutron flux of 1 × 10 12 cm −2 s −1 . The reactor has 90% enriched 235 U core (UAl 4 ), light water moderator and Be reflector. It has 4 rabbit stations (A2, B1, B2 and B3) with full flux (innerchannels) and 2 stations (outer channels) with half flux [8] .
The radiochemistry laboratories at PINSTECH were initially equipped with scintillation detectors. But after 1991, Ge(Li) and high purity germanium (HPGe) detectors were procured. With time, PINSTECH also observed a change in data acquisition software. New data software was purchased and many in-house computer codes were developed. GAMMACAL [9] and GammaLab [10] were introduced for complete analysis of gamma-ray spectra. Two databases QAQCData [11] and NucData [12] were designed to provide quality assurance (QA) and quality control (QC) in experimental work and to support other calculations.
It should be mentioned that radiochemistry constitutes only a part of PINSTECH which is a national nuclear research centre in Pakistan and where many other research areas are also extensively followed. The progress in R&D activities at PINSTECH can be judged by the rate of publications. Today, on average PINSTECH is producing 150 peer-reviewed papers each year. Initially, the production rate was slow but in the year 2008 the landmark of more than 100 papers per year was achieved.
Many Nobel laureates have visited PINSTECH from time to time, below is the photograph of Dr. Glenn Theodore Seaborg, a Noble Laureate and a renowned radiochemist (Fig. 2 ) who visited in 1967 and disseminated many thoughtprovoking ideas on radiochemistry.
Research areas

Uranium and thorium chemistry
Uranium, thorium, zirconium, hafnium and rare earth elements (REE) are of vital importance in nuclear fuel. Some methods of their detection were studied [13, 14] . Since REE (Lu, La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, and Yb) cause deleterious effects in the nuclear fuel, their detection is mandatory at each step. Radiochemistry is involved at each step from ore characterisation to identification of impurities. REE were determined in low grade uranium ores [15] and in high purity uranium samples using 4-(5-nonyl)pyridine (NPy) as an extractant [16] and quantified by neutron activation analysis (NAA).
Some work in this area was also carried out in cooperation between PAEC and a few universities. For example, complexes of uranium(VI) and thorium(IV) with o-hydroxy N,N -dimethylbenzylamine and o-carboxy N,Ndimethylbenzylamine were synthesized and characterized by elemental analysis, IR and 1 H-NMR techniques [17] . Thermal decomposition of uranium(VI) and thorium(IV) complexes of o-carboxy N,N -dimethylbenzylamine was studied by thermoanalytical techniques in static air atmosphere [18] . Differential thermal and thermogravimeteric analyses of uranium(VI) and thorium(IV) o-hydroxy N,Ndimethylbenzylamine complexes were carried out to explore their degradation patterns [19] .
The cyclic voltammetric behaviour of uranyl ion was investigated and the electron transfer rate constant for the reduction of uranyl ion in perchlorate, acetate and formate medium was studied. The effect of temperature on the values of rate constant was investigated and thermodynamic constants were evaluated [20] .
Nuclear reaction cross section measurement
The use of radioisotopes and radiation has become indispensable in research related to life sciences, especially pharmaceutical sciences. Over the last decade, medical applications of radioisotopes have grown considerably. Besides medicine, wide varieties of radioisotopes are also used in industry and research work. Radioisotopes can be prepared using either nuclear reactors or accelerators. Since no particle accelerator was available in Pakistan before 2009, all research conducted over the last fifty years depended exclusively on reactor neutrons. The first step in the production of a radioisotope in a research reactor is a feasibility study, involving nuclear reaction cross section measurement and development of an efficient separation procedure.
The main nuclear chemistry research with regard to radioisotope development involves nuclear data measurement of reactions such as (n, γ ), (n, 2n), (n, p), (n, α) etc. to identify their potentials for the formation of suitable therapeutic or diagnostic radionuclides. After irradiation, radiochemical separation is required to obtain the radionuclide of interest in a pure form. PINSTECH embarked upon this field with the collaboration of the Institut für Nuklearchemie, Forschungszentrum Jülich, Germany [21] [22] [23] [24] in 1983. The first study in this direction conducted at PINSTECH dealt with the measurement of fission neutron spectrum averaged cross sections of some threshold reactions on xenon [21] . The idea was to evaluate the production of 123 I using fast neutrons. This was a novel approach since 123 I is generally produced using charged particle induced reactions at a cyclotron.
Later, the work was performed on the determination of fission neutron spectrum averaged cross sections for the formation of 91m Nb, 92m Nb, 95m,g Nb, 96 Nb, 97 Nb, 98m Nb, 89 Zr, 95 Zr, 97 Zr and 91 Mo [22] . Here the main aim was to estimate the level of radioactive impurities in (n, γ )-produced 99 Mo for preparing a 99 Mo/ 99m Tc generator. Several low-yield reactions including 58 Ni(n, 2n) 57 Ni 57 Ni, 61 Ni(n, p) 61 Co, 62 Ni(n, p) 62 Co, 62 Ni(n, α) 59 Fe and 64 Ni(n, α) 61 Fe were studied [23, 24] . The production of 111 In in a nuclear reactor via 112 Sn(n, 2n) 111 Sn
In and 112 Sn(n, d + n p + pn) 111 In reactions was investigated. Cross sections of both the processes were measured using natural tin. It was observed that 111 In of high purity can only be achieved by radiochemical separation of 111 Sn followed by removal of its decay product [25] . The aim of latter two studies was to investigate the feasibility of production of 57 Co and 111 In in a nuclear reactor. Both those radionuclides are generally produced using a cyclotron. Fission neutron spectrum averaged cross sections were also measured for 120m,g Sb, 122m,g Sb, 124m,g Sb, 125 Sb 96 Tc reaction was studied [27] . Similarly, 45 Ti (T 1/2 = 3.08 h) is a potentially useful radionuclide for nuclear medicine and for environmental studies. The feasibility of its production via the 46 Ti(n, 2n) 45 Ti reaction was studied [28] . The radionuclide 153 Sm (T 1/2 = 46.27 h) is used as a therapeutic radiopharmaceutical because of its relatively short half-life and suitable beta-ray energy, especially in the form of 153 Sm-ethylenediaminetetramethylene phosphonate (EDTMP) and 153 Sm-diethylenetriaminepentaacetic acid (DTPA). It is generally produced via the 152 Sm(n, γ )-reaction but the specific activity is low. To test the possibility of increase of specific activity the reaction 153 Eu(n, p) 153 Sm was studied [29] . The radionuclide 153 Gd (T 1/2 = 239.47 d) is also a potentially useful agent for early diagnosis of osteoporosis. Furthermore, it is also used as the photon source in dual-photon absorptiometry machines to determine the mineral content of bones of osteoporosis patients. Its production feasibility with a high specific activity via the 156 Dy(n, α) 153 Gd reaction was studied [30] . Internal radiotherapy has gained considerable significance in recent years. 103 Pd has a half-life of 16.96 d and decays almost exclusively by electron capture (EC) to 103m Rh. The latter de-excites through a heavily converted internal transition. As a result, this radionuclide is used in brachytherapy sources for the treatment of prostate cancers, ocular tumors and it is also a candidate for intravascular brachytherapy. It is either produced with low specific activity via the 102 Pd(n, γ )-reaction in a nuclear reactor or with high specific activity via the 103 Rh( p, n) 103 Pd reaction at a cyclotron. At PINSTECH the formation of 103 Pd via the 106 Cd(n, α) 103 Pd reaction was studied [31] . Similarly, 64 Cu (T 1/2 = 12.7 h) has a good potential for endoradiotherapy, and its radiopharmaceuticals are promising for investigation via positron emission tomography (PET), especially after labelling with antibodies. The formation of 64 Cu via the 64 Zn(n, p) 64 Cu reaction was studied and cross sections for other competing reactions were also measured [32] . 90 Y (T 1/2 = 64.1 h) is another useful therapeutic radionuclide. Fission neutron spectrum averaged cross sections were measured for several reactions on isotopes of zirconium in [34] . Similarly the production of 166 Ho was studied using the 165 Ho(n, γ ) 166 Ho reaction [35] . A compilation of all investigated reactions with respect to radionuclide production is given in Table 1 .
Radioisotope production/radiopharmaceutical development
Improvements in radionuclide production methods
The radioisotopes produced at PINSTECH include 24 Na (T 1/2 = 14.96 h), 35 199 Au (T 1/2 = 3.14 d), 32 P (T 1/2 = 14.26 d), 51 Cr (T 1/2 = 27.7 d) and 131 I (T 1/2 = 8.02 d). These radioisotopes are used to prepare radiopharmaceuticals. About 80% of the radioisotopes produced at PINSTECH are used in several nuclear medical centres for diagnosis and treatment of various types of diseases. A brief history of the research and development work performed in radiopharmaceuticals at PINSTECH is described below.
Gold-199 is used in diagnosis and radiotherapy of breast, prostate and ovarian cancer; its production from neutronirradiated platinum was reported employing 1-phenyl-3-methyl-4-trifluoroacetyl-pyrazolone-5 as an extractant [36, 37] . Wilson's disease is a rare condition in which copper is retained excessively in the body. Toxic levels of copper can lead to organ failure and premature death. The radioisotope 64 Cu or 67 Cu is used to study whole body retention of copper in subject of this disease. Production of 64, 67 Cu in a nuclear reactor was studied via (n, p) reactions on zinc matrix combined with a separation using anion exchange column (AG 1-X8) [38, 39] . Similarly, a 109 Cd/ 109m Ag generator was developed, based on the sorption of Cd on AG 50W-X8 organic cation exchanger [40] . 111 Ag [41] and 109m Ag [42] were selectively eluted from various matrices. 111 Ag was also produced and separated by irradiating palladium [43] . The radiochemical separation of no-carrier added 113m In from 113 Sn and of 115m In from 115 Cd was achieved over a HAPO column [44, 45] . The separation of 188 Re in methyl ethyl ketone was studied [46] . Methods were developed for its labelling with several organic compounds such as 188 Re-lanreotide [47] , 188 Re-hydroxyapatite (HA) [48] , 188 Re-MAG3 [49] , 188 Reglucoheptonate (GH) [50] and 188 Re-ethylenediaminetetramethylene phosphonate (EDTMP) [51] . Arsenic-77 was produced by irradiating natural Ge. The nuclear reaction 76 Ge(n, γ ) produces 77 Ge, which decays by emission of β − particles into 77 As [52] and production of 47 Sc by irradiating natural titanium metal was evaluated [53] .
Improvements in generators
The 68 Ga produced by the EC decay of 68 Ge is useful in positron emission tomography (PET).
68 Ga(III) is suitable for complexation with chelators; however, such a labelling procedure requires high chemical purity and concentrated solutions of 68 Ga(III), which cannot be sufficiently fulfilled by the presently available 68 Ge/ 68 Ga generator eluate. A method to increase the concentration and purity of 68 Ga obtained from a commercial 68 Ge/ 68 Ga generator was developed [54] . The 68 Ga eluate was extracted in methyl ethyl ketone, which was evaporated and taken in a small volume of buffer [55] . [57] . Post elution concentration of 99m Tc/ 188 Re was reported using in-house prepared silver cation exchange and alumina column. This approach worked very effectively to yield high specific volume solutions of 99m Tc-pertechnetate from a fission 99 Mo loaded alumina generator towards the end of its normal working life [58] . A simple method for desorption, precipitation and reuse of tungsten from spent 188 W/ 188 Re generators was also described [59] . The adsorption behaviours of 99 Mo in the form of molybdate and of 99m Tc in the form of pertechnetate on hydrated titanium dioxide were investigated. A 99m Tc-generator was suggested based on the adsorption of ( 99 Mo) molybdate on hydrated TiO 2 and 99m Tc was eluted with 0.9% NaCl [60] . A simple method for desorption and purification of 99 Mo from spent 99 Mo/ 99m Tc generators was devised, whereby the eluted 99 Mo solution was passed through a 0.2 µm membrane filter to remove precipitated aluminium hydroxide [61] . A method was reported on the post elution concentration of 99m Tc using in-house prepared lead cation-exchange and alumina columns. Using these columns high bolus volumes (10-60 mL 0.02 M sodium sulfate) of 99m Tc could conveniently be concentrated in 1 mL of physiological saline [62] . Adsorption behaviour of molybdate on acidic alumina was studied at boiling water bath temperature (∼ 100
• C). A 99m Tc generator was prepared by adsorbing low specific activity 99 Mo on alumina. Elutions were carried out with saline. Performance of the generator such as 99 Mo breakthrough, aluminum contents, pH, elution profile, radiochemical purity, and labelling efficiency of kits were checked [63] .
Labelling procedures and kit formulations
99m Tc is the most widely used radioisotope in diagnostic nuclear medicine. It is almost exclusively produced via the decay of its parent 99 Mo. The present source of 99 Mo is a research reactor by using the (n, γ ) nuclear reaction on natural Mo, resulting in inexpensive but low-specific activity 99 Mo or by neutron induced fission of 235 U, which results in expensive but high-specific activity of 99 Mo. Presently, 85% of all nuclear medicine procedures use 99m Tc, generated from decay of 99 Mo. 99m Tc pentavalent dimercaptosuccinic acid ( 99m Tc(V) DMSA), a useful agent for imaging thyroid medullary carcinoma and other tumors, was prepared by addition of Na 99m TcO 4 to a freeze-dried mixture of DMSA and Sn (2 : 1 molar ratio) [64] . Lanreotide, a synthetic octapeptide analogue of a native hormone somatostatin, was labelled with 99m Tc by reduction of the cysteine bridge, which provided sulfhydryl groups for chelation with 99m Tc with more than 97% labelling efficiency [65] . Isonicotinic acid hydrazide (isoniazid) is one of the most effective agents in tuberculosis therapy. It was chosen as ligand for 99m Tc-labeling and imaging in the developed animal model with a gamma camera. The results suggested that 99m Tc-isoniazid was a specific agent for localization of tubercular lesions [66] . Kanamycin is an antibiotic used for treatment of infections when penicillin or other less toxic drugs cannot be used. Kanamycin was labelled with 99m Tc pertechnetate and a significantly higher accumulation of 99m Tc-Kanamycin was seen at sites of S. aureus infected animals (rat/rabbit) [67] Tc. Biodistribution studies of 99m Tc-CSA were performed; it showed that liver and spleen uptakes were high. A significantly higher accumulation of 99m Tc-CSA was seen at sites of S. aureus infected rats [70] .
A new formulation of a freeze-dried kit for the labelling of tetrofosmin with 99m Tc was developed. The kit contains lyophilized mixture tetrofosmin (6,9-bis(2-ethoxyethyl)-3,12-dioxa-6,9-diphosphatetradecane), stannous chloride dihydrate, sodium tartrate and sodium hydrogen carbonate. When 99m Tc pertechnetate was added, a cationic 99m Tc complex was formed, 99m Tc-tetrofosmin. The performance of the newly developed kit was compared with the commercially available MYOVIEW kit for heart imaging [71] . The effect of various amounts of reagents on the quality of 99m Tc-Sncolloid was studied and a simple and reproducible method for its preparation, particularly suitable for hospital pharmacy, was developed. Poly vinyl pyrrolidone (PVP) was used as a stabilizing agent. A quick method of its bio-distribution was described [72] . Similarly, a simple method was developed for the separation of carrier free 125 Sb from neutron irradiated natural Sn using a silica gel column [73] . A method for quantitating Sn(II), suitable for the analysis of kits for 99m Tc-radiopharmaceuticals, based on a spectrophotometric determination using the Pd(II)-Sn(II) complex (yellow species) was elaborated. The investigation indicated that the procedure is simple, rapid and accurate for quantitative estimation of Sn(II) in various 99m Tc-labelling kits during development, manufacture and storage [74] . Lanreotide, a synthetic octapeptide analog of a native hormone somatostatin, was labelled with 131 I, the most widely used therapeutic and easily available radionuclide. Radioiodination of lanreotide was carried out by chloramine-T and iodogen methods. The maximum radiolabeling yield was~80%. Chloramine-T was found more suitable than the iodogen method [75] . Yttrium-90, produced by irradiating Y 2 O 3 was used to prepare 90 Yhydroxyapatite for radiosynovectomy applications. The irradiated material was dissolved in concentrated hydrochloric acid, evaporated and taken up in distilled water. The high labelling yield, good stability and ease of preparation of the 90 Y-HA particles indicate that these particles may find wide application in radiation synovectomy [76] .
It may be mentioned that besides PINSTECH, where most of the radiopharmaceutical work is carried out, some radiopharmacy related groups at a few medical centres in the country are also involved in development of certain specialized 99m Tc-labelled radiopharmaceuticals [cf. 77, 78] . Furthermore, with the establishment of two PET centres in Lahore, the routine production of a few accelerator-based radiopharmaceuticals, like 2-[
18 F]FDG, has also been initiated. It is expected that, in the coming years, the PET radiochemistry will gain increasing significance in Pakistan.
Alternative routes of production of 99 Mo
The use of enriched 98 Mo to produce 99 Mo via the (n, γ ) reaction and the utilization of medium specific activity 99 Mo in alumina-based generators was studied. It was concluded that the 99 Mo production using enriched 98 Mo may replace to a significant extent the use of highly enriched uranium (HEU) [79] . Regarding the production of 99 Mo via the fission process, low enriched uranium (LEU) foil (19.99% 235 U) will be used as target material. LEU foil plate target proposed by the University of Missouri Research Reactor (MURR) group will be irradiated in PARR-1 for the production of 100 Ci of 99 Mo at the end of irradiation, which will be sufficient to prepare the required 99 Mo/ 99m Tc generators at PINSTECH for supply in the country. A neutronic and thermal hydraulic analysis for the fission 99 Mo production at PARR-1 was performed. It showed that annular targets could be safely irradiated in PARR-1 for production of the required amount of fission 99 Mo [80, 81] . Management of radioactive waste is an integral part of fission 99 Mo production. Waste will be generated as solid, liquid, and gas. Initial treatment of waste streams is usually required at the production site, prior to short or long term storage. On-site treatment of gaseous waste will be carried out in the production facility while off-site treatment will be performed for solid and liquid radioactive waste [82] .
Neutron activation analysis (NAA)
Neutron activation analysis has been used as a primary tool for the analysis of samples having different types of matrices. It was applied in its classical form as a relative method, in advanced form as k 0 -NAA [83, 84] , activation constant method [85] , epithermal neutron activation analysis (ENAA) [86] and prompt gamma neutron activation analysis (PGNAA) [87] . Initially, NAA was used extensively for the characterization of nuclear fuel coupled with radiochemical separation; later it was applied in other fields also, such as environmental monitoring.
The external quality assurance requires the participation of a laboratory in intercomparison exercises conducted by an independent body. Our laboratory participated in various intercomparison exercises organised by the IAEA and National Bureau of Standards (NBS) and analysed several certified reference materials [88] [89] [90] [91] [92] [93] [94] [95] .
Since NAA is very sensitive towards many elements, it was applied for the determination of impurities in alloys, high purity metals and other materials [87, [96] [97] [98] [99] [100] [101] . Determination of low level impurities in high purity metals can only be accomplished if the separation is linked with the detection either before or after irradiation.
Determination of distribution of elements in airborne particulate matter and the states of multi-elements in natural water are two examples reflecting the new trends in deepening our knowledge about the origin and mechanism of air and water pollution by means of NAA [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] . In the domain of environmental research, several hundred samples of air particulate matter were analysed for proper modelling and source apportionment.
Food is the main source of major, minor and micronutrients required for growth of living things. Food articles may contain toxic elements due to environmental pollution. In order to assess the adequacy and safety of human diet, food items including fruits, vegetables, meat and pulses, etc. were analysed and an extensive database of the elemental concentrations determined in those samples was created [86, . Apart from dietary items, biological materials such as human blood samples, infant and adult hair and plant materials were also analysed [135] [136] [137] [138] [139] . To help industry, several hundred samples of geological nature were analysed [140] [141] [142] [143] [144] [145] [146] . A compilation of all applications is given in Table 2 .
Separation studies
Separation studies at PINSTECH involved the applications of solvent extraction, adsorption and ion-exchange chemistry. The use of radionuclides to study separation provides an economical, fast and reliable option. The analyte is prepared by irradiating a suitable target and then dissolving it in an appropriate acid. The radioactivity is determined before and after the separation using a gamma-detector, mostly a scintillation counter.
During solvent extraction the effects of various factors are studied. These include nature and amount of the acid, nature of the extractant, concentration of the analyte, effect of equilibration time, anions (e.g. fluoride, oxalate, citrate, cyanide, ascorbate, thiosulphate) and cations (e.g. Fe(III) Cu(II), Zn(II), Ni(II) and Co(II)). These parameters are usually optimised and the stoichiometric composition of the extracted species is determined. Finally, the formation constant and separation factor for the metal ion is determined.
The adsorption of many metal ions on different adsorbents was studied using the radiotracer technique. Usually the effects of various parameters such as shaking time, amount of adsorbent, pH, concentration of the adsorbate and temperature were studied. The type of adsorption process, i.e. endothermic or exothermic, was determined and the value of the distribution coefficient was measured. The data were fitted to Langmuir, Freundlich, and DubininRaduskevich isotherms and the thermodynamic parameters ∆H, ∆S and ∆G were calculated. The influence of different anions (tartrate, citrate, oxalate, thiocyanate, thiosulfate, EDTA) and cations (U(VI), Al(III), Fe(III), Cr(III) and Th(IV)) were also examined. The following sections summarise the work performed on solvent extraction and adsorption with the help of radiochemistry.
In early work at the Lahore Centre, the liquid-liquid extraction by tri-iso-octylamine in methyl isobutyl ketone from aqueous hydrochloric acid was performed and radiochemical separation of cadmium by liquid-liquid extraction was achieved [147, 148] . Later on at PINSTECH, 1-(2-pyridylazo)-2-naphthol (PAN) was used for the extraction of group VB-VIIB and VIII elements [149] and adsorption of Tm(III) ions from aqueous solutions [150] . 1-(2-Thiazolylazo)-2-naphthol (TAN) was used as doped with sol-gel silica for the adsorption of Zn(II) from aqueous solution [151] and TAN loaded polyurethane foam for the adsorption of Hg(II) [152] . 1-Phenyl-3-methyl-4-trifluoroacetyl-2-pyrazolin-5-one (HPMTFP) was used for the extraction of Hg(II), Se(IV), Mn(II) and Co(II) from pH 1-10 [153] and IB, IIB and IIIA-VA elements [154] . 2-Thenoyl-trifluoroacetone (HTTA) and tribenzylamine (TBA) were used for the extraction of Pr(III), Ho(III) and Er(III) at pH ≤ 3.5 [155] and Ni(II) at pH 1-10 [156] . 4-(5-Nonylpyridine) in benzene was used for solvent extraction of 99 Mo, 99m Tc and 131 I from nitric acid [157] . Amberlite XAD-16 resin functionalized with nitrosonaphthol was [183] used for the adsorption of Ni(II) and Cu(II) [158] and amberlite XAD-4 resin impregnated with dibenzoylmethane (DBM) was employed in flow injection for the determination of U(VI) from aqueous solution of pH 5.5 [159] , the same impregnated with N-benzoylphenylhydroxylamine was utilised in flow injection for the determination of Th(IV) from aqueous solution of pH 4.5 [160] . di-n-butyl sulfoxide (DBSO) was used for the separation of Hf(IV) [161] and Th(IV) [162] by solvent extraction. PAN was used for the separation of Hg [111] , IB, IIB and IIIA-VA elements [163] by solvent extraction and U(VI) by adsorption [164] . Picrolonic acid (1-p-nitrophenyl-3-methyl-4-nitro-5-pyrazolon) (HPA) was employed in solvent extraction for the separation of Ce(III), Eu(III) and Tm(III) [165] , Eu(III), Tb(III) and Lu(III) [166] , Ce(III), Eu(III) and Tm(III) [167] , Nd(III), Tb(III) and Lu(III) [168] , and Eu(III) and Tm(III) [169] . 1-Naphthylthiourea (ANTU) was utilised by solvent extraction for the separation of Ag(I) [170] , 1-phenyl-3-methyl-4-caproyl-pyrazolone-5 (PMCP) by solvent extraction for Cr(VI), Mo(VI), W(VI) and Hf(IV) [171] . 2-Nitroso-1-naphthol loaded polyurethane foam (PUF) was applied for adsorption of Co(II) and Hg(II) [172] . Bis-2-(butoxyethyl ether) was used in solvent extraction of Th(IV) [173] , diphenyl-2-pyridylmethane in solvent extraction of Ga (III) [174] and hexafluoroacetylacetone (HHFA), and triphenylphosphine oxide (TPPO) for Ce(III), Tb(III) and Lu(III) [175] . HTTA loaded PUR foam was used for adsorption of Tb(III) [176] , nalidixic acid (HNA) was used in solvent extraction of Nd(III) and Eu(III) [177] , polymeric material containing phthalic acid as a chelating agent was employed in adsorption of Pb(II) [178] . Toluene-3,4-dithiol (TDT) and trioctylamine (TOA) were applied in solvent extraction of Mn(II), Co(II), Zn(II), Hg(II), Cd(II) and Se(IV) [179] , and tribenzylamine (TBA) in solvent extraction for the separation of Sb and As [180] . Some common and cost effective materials were studied for the separation of various ions by adsorption. These include coconut husk for the separation of Hg(II) [181] , lead dioxide for Mn [182] , beach sand for Zn(II) [183] and for Cd(II) [184] , styrofoam for Cd(II) [185] , polyurethane (PUR) foam for Se(IV) [186] and sunflower stem for Hg(II) [187] .
The technique of isotope exchange was applied to develop a rapid procedure for the separation of trace amount of cobalt from aqueous solution. The optimum separation procedure required 6 min with an average yield of about 84% [1] . Radiochemical separation of lead [188] was performed by amalgam exchange as well. Ion exchange was used in radiochemical separation of Sb [189] and Sr [190] . A compilation of all applications regarding separation is given in Table 3 .
Future perspectives of radiochemistry in Pakistan
In the coming years, the main direction of our work will be the radiopharmaceutical development and nuclear data measurement relevant to nuclear medicine. Work will also involve the determination of nuclear reaction cross sections for other applications, half-lives, k 0 factors and activation constants for more gamma lines. With the recent introduction of 99 Mo plant, Pakistan will soon start producing fission 99 Mo as a service to its hospitals and other neighboring countries. Since fission 99 Mo is produced from the fission of 235 U, the work on the separation of other useful radioisotopes, such as 131 I, 137 Cs and 90 Sr, will also be initiated. Positron Emission Tomography (PET) and computed tomography (CT) are two very modern organ imaging techniques. Furthermore, PET is quantitative and allows functional studies. The PET scan is becoming more widely available, and its main value seems to be more effectiveness in detecting distant lymph node and systemic metastases. In 2011, two PET/CT scanners have been installed first ever in Pakistan. The first one is at the Shaukat Khanum Memorial Cancer Hospital & Research Centre, Lahore, and the other at the Institute of Nuclear Medicine and Oncology (INMOL), Lahore. Since both centres are equipped with cyclotron and scanners, it is expected that radiochemistry will get new impulses.
In the field of neutron activation analysis, it is planned to perform analysis of large samples. Work to prepare new reference materials for elemental analysis on national level is already in progress. Also the work on epithermal and prompt gamma neutron activation will increase. More studies on extraction and adsorption will be done, especially the use of sol-gel will increase. It is expected that radiochemistry will play a very important role also in the future for the welfare of mankind and especially for the economy of Pakistan.
During the last fifty years, radiochemistry was not limited to PAEC, though most of the research work has been done in its laboratories. The peaceful applications of nuclear science and technology, including radiochemistry, flourished in many public sector universities, where nuclear chemistry is taught as a special subject. The PAEC has always facilitated interested students at those universities by offering its laboratories all over Pakistan for research work. A large number of students obtained their Master and Doctoral degrees after submitting their work on environment and health related problems coupled with NAA, nuclear data measurement, separation studies or synthesis of novel radiopharmaceuticals. It is expected that this type of cooperation will continue under the nation-building programme.
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